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5 This is a final report for Task 10 - Theory Development and Correlation of Field

Data. The work reported herein is part of a larger project sponsored by Conoco

through Conoco Norway Research and Development to develop a better understanding
;E} of pile-soil interaction associated with foundation piles for tension leg plat-
forms. The project is identified as CNRD 13-3. Also participating in support

of the project were Chevron 0il Company, the American Bureau of Shipping, and

the Minerals Management Service of the United States Department of the Interior.

:Eﬁ The development of concepts and background theory was originally accomplished

;g? under an in-house project supported by The Earth Technology Corporation before
- the initiation of the project with Conoco. Some modifications of the CASH

*E% (Cavity expansion with Axial SHearing) program and the analyses reported'in this

progress report were supported by Conoco.

The work was performed by The Earth Technology Corporation, acting as designated
ET subcontractor to A. S. Veritec. The project team members and their roles in the

project are summarized below. The majority of the work in this report was per-

formed by Mr. Ignatius (Po) Lam. Mr. Hudson Matlock provided overall direction
in the course of the study and reviewed the report. Mr. Dewaine Bogard fur-
nished the field test data, served as the project manager and reviewed the

report. Mr. Lino Cheang assisted in some of the CASH analyses. Dr. Jean

Audibert, Manager of the Houston office, provided assistance in administrative
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e 1. INTRODUCTION

=

kg Parallel to the experimental program, a task on theory development was under-
oo taken to advance our understanding of pile behavior and to assist in extrapola-

ke
e

tion of pile load test data to prototype conditions. The choice of the analyti—

cal method summarized below has largely been guided by the perceived need for

flexible, general-purpose tools that can be adjusted or modified to fit the

T
ki
bod experimental observations.
1f§ Some of the factors affecting side-friction capacity and deformational behavior
o :
of a pile are listed below and illustrated in Plate 1.1:

& ?svga

iz

(1) 1In-situ soil stress conditions before pile installation.
(2) Changes in the soil conditions due to pile installation.

(3) Changes in the soil conditions from consolidation of the soil mass
after installation.

(4) Changes in the soil conditions caused by subsequent static and
cyclic axial loading.

r~ A parallel experimental and analytical program was undertaken to improve our
understanding on the above aspects. The experimental program included labora-

tory model tests performed by A. S. Veritec using one-inch diameter pile models

and in situ load test programs performed by the Earth Technologybpersonnel.

2T !er.!}l
Ko S E

Three types of in situ tests were conducted using the following equipment:

(a) 3-inch diameter pile segments, (b) x—-probes (1.72-inch diameter close-ended

probes), and (c) a 359 ft long, 30-inch diameter pile. All the above equip-

ment was instrumented to provide measurements of total lateral stress, pore

[l s
W i

water pressure, and side-shear resistance of the soil at various stages,

€ e e
&

including pile insertion, consolidation and static and cyclic pile loading.

7

3

7y



Tl I
B

Ross

]

e

£ T
& i

£ 7oy

i

|

[

£

Boien

TR

¥ T
! ?

T

s

wv’"]

£

B

i

Results of experiments from the 3-inch pile segment test have been reported in
the Volume III report (Ref. 9). The 30-inch pile load test data has been

reported in a recent report (Ref. 8).

A computer program, CASH (Cavity expansion with Axial SHearing), had been
formulated to simulate the above factors and to provide improved t-z charac—
terization as input to an overall soil-pile interaction analysis (e.g. using
Program DRIVE (Ref. 14)). The following sections summarize (1) the concept
behind CASH, (2) features of the soil stress—strain model, (3) preliminary back-
fitting analyses conducted in 1983 to simulate the 3-inch pile segment tests,
(4) a series of sensitivity studies, and (5) backfitting analyses conducted for
the 3-inch segment, the X-Probe and the 30-inch pile for two strata of soil
layers (Strata II and III). ‘Recommendations for future studies are also pro-

vided.
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2.1 General

SINGLE~SLICE DISCRETE ELEMENT MODEL

This section summarizes the background theory behind the CASH program which can

be used as a tool to better understand the changes in the surrounding soil

during various stages in time, including: pile installation, consolidation and

pile loading. Some of the key features of CASH are listed below:

(1) Analysis of an axisymmetric single slice of soil mass around a pile
at a specific depth.

(2) Usage of a two—-phase (solid and pore fluid) concept.

(3 Nonlinear constitutive soil model to characterize the soil skeleton
stress-strain behavior.

(4 Large displacement effects.

The remaining sections (2.2 through 2.7) discuss the following topics:

0 Section

o} Section

o Section

0 Section

o Section

o] Section

2.2

2'3

2.4

2.5

2.6

2.7

Configuration of the single slice of soil mass.
The displacement degree of freedom at each soil node.

Loading conditions (for pile driving, consolidation and
axial shear).

The governing equations.
The two-phase (or effective stress) concept.

Constitutive relation for the fluid phase.



o
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- : « ,
o Section 2.8 - Constitutive relation for the solid (soil skeleton)
phase.
ko .
o Section 2.9 - The computation scheme for nonlinearity.

o Section 2.10 - Comparison of the CASH approach with other models by
past researchers.

18 2.2 Configuration

The model used in program CASH is shown in Plate 2.1. An axisymmetric single
horizontal slice of so0il mass surrounding a cylindrical pile is used for the

analysis. Either a plane-strain or a plane-stress condition can be assumed in

the enalysis.

3 The slice of soil mass is discretized in the radial direction in terms of a

~ radial dimension r . To allow for the internal gemeration of a very thin shear
‘ﬁi zone during axial loading, the increments are very finely spaced near the pile
;g? wall. To accommodate large displacement effects, the geometry (discretization)

.

representing the slice of soil mass is updated with time.

2.3 Degrees of Freedom

Displacement of the single-slice model is described by three degrees of freedom

at each nodal point in the soil mass: (1) radial displacement wu, of the soil

Qj skeleton, (2) axial displacement u, of the soil skeleton, and (3) radial
g} displacement U, of the pore fluid. During computation, the pore fluid move-
ment at any point is characterized by its relative displacement with respect to

the soil skeleton as shown in Plate 2.2.

p
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2.4 Loading Conditions

Two components of a load-time history are used to simulate the éffects of pile
installation, consolidation and axial loading. These time-dependent input func-
tions are prescribed independently as radial (expansion or contraction) and
axial (shearing) displacements at the cylindrical cavity wall (representing the
pile-soil interface). A variety of outer boundary conditions, such as zero

displacement or constant stress conditions, can be specified in CASH.

2.5 Governing Equations

The three governing equations for the single slice model in CASH are based on
(1) force equilibrium in the radial direction, (2) force equilibrium in the
axial direction, and (3) Darcy's Law for the flow of pore fluid in the radial

direction.

As shown in Plate 2.2, the slice of soil mass is first discretized into nodal
points and elements. Different properties and increment length can be specified
for each element;k The stresses and pore pressures are sampled at thé mid-point
of each element and displacements of soil and pore fluid are computed at the

nodal points.

Plate 2.3 illustrates the force components contributing to radial equilibrium.

The equilibrium of forces at nodal point 1 1leads to

ri-1 Gr,i-l + 0.5 &hjq °6,i—1 + (rj-1 + 0.5 &hy_1) py-1 (D

~ry 9 i + 0.5 ty 04 + (ry + 0.5 bhy) pj = O
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where,
rj—1 » ri = distances to center of elements,
by y My = 1increment lengths of elements,
?§,1_1 s 7&,1 = radial effective stress at elements,
.39’1_1 ; -aQi.= circumferential effective stress at elements,
Pi-1 » Pi = pore fluid pressure at elements,
"and the subscripts i~1 and i denote the element numbers.
The single force component acting in the axial direction is the shear force,
thus resulting in the following equilibrium equation:
Ti-1 %rz,i-1 - Fi %z,i =0 (2)

where

Yz,i-15 Tz,i = shear stress at elements 1i-1 and i respectively.

To model the pore fluid migration, Darcy's Law is applied which leads to the

following equation

Yi_ 'Ah._ Y; bOhg )y
pj-1 - Py = 0.5 ( .2 1 ™Mi-1 4 1 71y Ur,i (3)
ki-1 kj
where

Yj-i » Y = unit weight of fluid at elements i-1 and i
respectively,

kij—1 » ki = permeability at elements i-1 and i
respectively,

U;,l = flow velocity across the soil skeleton at node i.



&4

[ -
T

it |

ot |

ki
e

Sl

L)

L

A |

The three governing equations‘(Eqs. 1 to 3) are written in terms of the effec-
tive stresses, pore pressure and fluid velocities. By applying stress-strain
relationships for both soil skeleton‘and pore fluid, tﬁe stresses and pore
pressure at an eleheﬁt can be related to displacements (‘ ur , u, and Up )
at the two adjacent nodal points. Equations 1 to 3 can thus be written in terms

of the three degrees of freedom in nodal displacements.

A space-wise implicit numerical operator is used in program CASH to solve the
above governing equations. The operator ensures that static equilibrium (Eqs. 1
and 2) is satisfied at each time steps. An iterative scheme is used in adjust-—
ment and checking the stepwise linear (tangent) soil moduli and to ensure that

the resultant error is tolerable even for a large increment of loading.

2.6 Two-Phase Saturated Soil Model

A two—-phase effective stress model is used for the single-slice analysis. The
stress condition at each point in the soil mass is characterized by an effective

stress tensor & , 9, , Og , and T., plus a component of hydrostatic

pore fluid pressure p .

The effective stress is the average stress transmitted through the soil skeleton
and the pore fluid occupies the pore space between so0il grains. When the soil
mass is subjected to an external load, the load distribution between the pore
fluid and soil grains is governéd by the classical Teréaghi effective stress

concept (Refs 18 and 2):

0= 0+ p ' ’(4)



Hoad where

0 and O are respectively components of total and effective
normal stresses, and

p is the fluid pressure.

In accordance with the effective stress and the two-phase soil model concepts,

the effective stress in the soil skeleton is assumed to be dependent only on the

E} strain components of the soil skeleton. Similarly, the pore pressure is assumed
|
Sl

to be dependent on the total specific volume of the pore fluid. An elastic bulk
m v
P modulus of the fluid is assumed and can be adjusted to simulate the presence of
sy

entrapped gas.

2.7 Constitutive Relation for Pore Fluid
Concepts of the relation of pore pressure with displacements are shown in

Plate 2.4. A bulk modulus Kg 1is used to relate pore fluid pressure to volume.

The conventional equation of state of the fluid is used:

A Ye
bp =Kg (——) (5)
~ L3
where

% 1is change in pore fluid pressure, and

Y » AY are the present density of the fluid and
the change of density, respectively.

As shown in Plate 2.4, change in density of the pore fluid during loading is

related to the movement of fluid with respect to the soil skeleton as well as

‘the change in porosity:

Ayf _ Aef + Aes 6
¢ n
e

)
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where

Ag  is the specific volume change of the pore fluid resulting
from flow of fluid relative to soil skeleton,

Ag;  is the specific volume change of the soil skeleton, and

n 1is the porosity.

The specific volume change of the fluid mesh Agg + A€, can be computed from

‘the initial and deformed fluid mesh for element 1 (see Plate 2.4) as follows:

Deformed Volume = T (Rj4) + fup 471 + AUr,i+1)2 - MRy + Luy + AUr,i)z (7N

Initial Volume = T(Rj41)2 - T (Ry)> (8)

where R; and Rj4 are the radial distances to node i and i+l ,

respectively.
A?f'* Asg = ¢ Deformed Volume - Initial Volume )
Initial Volume
1 1 1 1
¥0.5_ - ) (A‘lr,i + AUr,i) + (0.5~— + ) (Aur’i+1 + AU]’.',i"l’l) (9)
ry ﬂli r; Ahi

Finally, the pore pressure versus displacement relationship at element i is

obtained from Eqs 5, 6, and 9 and given below:

fpy = ~Dob {05~ Loy (awp g+ AU g)
nj ri i
+ 0.5+ Ly + @ ) (10)
ri{ ﬂ'li
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2.8 Constitutive Relation fof Soil Skeléton »'

The side-~friction capacity and shear transfer characteristics of a pile depend
td a large extent on the general stress—strain behavior of the soil mass. The
ma jor requirement placed on the formulation of the constitutive relation is
flexibility for backfitting and correlation with any observed pile load test
data. The adopted model shbuld provide for reasonable simulations of (1) geolo-
gic loading leading to the in situ stress condition, (2) large shearing strains
durihg pile installation, (3) consolidation, and (4) static and cyclic axial
shearing during pile loading. Furthermore, the model must allow for con—

siderable flexibility in input description of soil characteristics for back-

fitting purposes.

Most existing soil models do not meet the above requirements and have built-in

physical and mathematical restrictions that do not arise from realistic con-

-siderations and are too limiting for the present backfitting purposes. To carry

on this study, a new soil model was formulated. This soil model is formulated
based on the perceived need of pile loading applications and is not necessarily

intended to be used for other problems.

A Contrived Model. As the name (a contrived model) implies, the adopted consti-

tutive model was artificially created to meet the perceived need of pile loading
applications. At any time stép, the incremental stress is related to the

incremental strain by the following expressions:

b0yy = ba,, = (K - 2_(3;) Mgy + (K + i’%) Agyy + (K - _2_‘33) AEy3 ~ KAG + f5  11(b)
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ATy = AT, = 26%Ag .y + 4 11(d)

Eight coefficients ( K , G , ¢* , a8 , £ , f5 , f3 , and f4 )

are necessary at each time step. With G*  set equal to G , A8 and the f's
vanish, the above expression is reduced to the conventional Hooke's Law written
in terms of bulk modulus K and shear modulus G . The above eight constants

are deduced for a given trial increment of strain at each time step.

The eight coefficients can be varied in accordance with the stress or strain
history to achieve the necessary salient features of stress—strain behavior for
volumetric and shear considerations (moré description to follow). If the
appropriate rules are followed, this model will be fundamentally correct in the
following sense:

(1) The stress-strain behévior will be independentkof the choice

of the coordinate systems.

(2) Erroneous energy generation will not occur in monotonic or

' cyclic loading conditions.
Although the abo?e model’bears 1ittle resemblance’to tﬁe classical plasticity
theory (which is the framework fo: most current soil models), with the proper
procedure to develép the model coefficients; it can satisfy fhe kéy concepts
from plasticity theory:

(1) A yield function can implicitly exist to ensure that the model
satisfies some failure criterion.

(2) The plastic strain increment would satisfy the plastic flow rule.

Additional discussion on the above will be given in this section.
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‘Volumetric Considerations. K and A® are deduced based on volumetric con-

siderations. As shown in Plate 2.5a, the soil model allows for nonlinear and
inelastic stress—strain curves. Furthermore it allows for differences between
initiel loading and enloading. At the present, initiel reloading is assumed to
follow the same path as unlqading. Volume change due to shearing is reflected
by the translation of the volumetric stress-strain curve, controlled by the
parameter 8 . At each time step, an incremental change A6 is determined to
reflect‘monotonic behavior such as shear dilation and compaction as well as
volume change from cyclic shear loading. The shear-volume change can be related
to any variables such as the shear strain amplitudes, overconsolidation ratio

(OCR) and the number of cycles of repeated loading.

Deviatoric Considerations. Upon determination of the constants K and A8

the mean effective stress is known. The constants ( G , G* » f1 ., £f2 ,

fg3 , and f4 ) are then deduced based on the anticipated deviatoric behavior of
soil. In consideration of the constant G 1in Equatiomns lla through llc, the

octahedral shear stress and octahedral shear strain are computed as follows:

vop = (LT %%+ (5o - T2 + (033 7 5?2 05 (12)
9
= [4 - 2 - 2 - 2 0.5
Yoct = % [(e11 - §2)° + (82 - 839 % + (e33 - )% ] |} (13)

The stress and strain, T,.+ and Y,.t , are interpreted as the magnitude of
induced shear stress and shear strain for the consideration of the shear modulus
G and shear volume change A6 due to straining in the normal directions. The

small-strain modulus Gpax 1is first computed from the estimated mean effective

stress ¢, and some input numerical arrays relating Gpax and T, to the

mean effective stress ¢ . The constant G 1is then computed from Thaxs
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Gmax and a normalized backbone cﬁfﬁe that relates the normalized stress

( Tet / Tpax ) to the normalized strain ( Yoot * Gpax ! Tpax ) -

The backbone curve of any desired form is input by a numerical array. Similar

to the volumetric stress—-strain curve, a linearly elastic unloading and
reloading modulus is assumed. The linearly elastic unloading and reloading
assumption is inappropriate for fully cyeclic applicétions. However, fully
cyclic loading is not expected (the normal stresses is expected to remain posi-
tive or compressive) for the normal stréss directions and the ébove limitation

is not expected to be too restrictive.

The constant G* in Equation 11d that controls directly the deformational
characteristics of the load-transfer (t-~z) curve is basically governed by the
same procedure as that for the constant G . The magnitudés of shear stress
and shear strain are now directly 7., and Y., respectively and the nor-
malized backbone curve is now the ( Ty [/ Tpax ) vse ( Ypz % Cpax /
Tpax ) curve. Furthermore, to allow for complete hysteretic treatments, the

input backbone curve is used to generate an assembly of elastoplastic sub-

elements similar to the soil support model used in the DRIVE program (Ref. 14).

Thus, the resultant T; Vs. Yyz curve is fully hysteretic and the stiffness
and failure stress level can be related to the mean effective stress or the

radial normal stress.

So far, consideration of the deviatoric model for the normal stresses
(controlled by the constant G ) is uncoupled from the shear stress (controlled
by the constant c* ) . However, from past research on stress—strain
modelling, the failure condition of soil is found to be dependent on all stress

components. Components of the stress vector £, , £, , f3 , and £4 ,pe

introduced to arrive at the proper coupled failure characteristics. This stress



14

vector is determined by adopting classical plasticity treatments. A deviatoric

failure criterion is assumed and is given below:

-

T ey
Y

L - - - — — - -
=209 - 92+ (9 - %32 + (033 - 911)2] + sz- (c1 +c2 % + c5 &)2 (14)
6

s

The stress increment in Equation 11 is first computed along the steps outlined

previously assuming that f's are zero. The resulting stress is then tested

iooa

for failure by the above equation. If & 1is found to be less than zero, ulti-

mate failure condition does not occur and the above stress increment is
o, appropriate. If & 1is found to be larger than zero, plastic flow occurs and
f1 through f, need to be determined. The physical aspects of the stress vec-

B tor f;, £, f3, and f, are briefly summarized.

For a given increment of strain, the vector {f} is primarily a tool to arrive

R &

g
[

at a final stress state which is compatible with the three dimensional failure

criterion (as shown in Equation 14). The stress vector {f} is characterized

by the direction and the magnitude. The direction of this vector is chosen

such that no change in mean effective stress will be introduced. Furthermore

k.

the vector {f} depends only on the current state of stress and does not depend

on the direction of loading. The above consideration leads to the following

expressions.

E‘ f1 = 811 = A(91 - %)
| f2 = %22 = A( %y - ¢ ,
o — (15)
¥ £3 = %33 = A(%3- ¢
. f4= 12 = 21
;; where
= S11 » S22 , S33, and Sy are the components of the deviatoric
= stress tensor.
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The quantity A is a scalar with a magnitude so determined that the final state
of stress in Equation 11 will produce the proper final failure condition (or ¢

in Equation 14 equal to zero).

Comparison to Classical Plasticity Models. If the elastic parameters { G, G*

and K) in equation 11 were maintained to be constant (through specification of
the T ger — Y oct a@nd the T, - Y., relationships), the contrieved model would
be reduced to a elasto—plastic plasticity model with a failure criterion defined
by Equation 14. The plastic strain increment would be non associative in the
volumetric sense, but associativé in the deviatoric subspace. Some of the CASH
solutions applying tﬁe above classlcal plasﬁicity concept has been reported by
Matlock et al. (Ref. 15). It was concluded, in the course of this project that
none of the currently available general soil model (that can be used for general
boundary problems) has all the necessary features to account for the observed
pile behavior. The model reported in this report is the product of a series of
effort of trial and back fitting of experimental data. Some of the soil
modeling features motivated by the observation of field experiment data are:
k(l) Accounting for the effect of éyclic remolding‘on the shear strength

characteristics similar to Hvorslev's concept. (Ref. 12). Further
discussion of this is provided in Section 3.3.

(2) A flexible framework to incorporate shear volume change effect in
cyclic loading conditions (See Section 3.2).
inputs to the above soil model are primarily a number of numerical arrays
describing the physically intuitive stress-strain curves (see Plate 2.5). Any
curve fittingkprior to analyéis is ﬁnnecessary for the’above described soil
model. This aspect is expected to facilitate backfitting and iterative adjust-

ment for observed pile load test data.
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2.9 Computational Scheme for Nonlinear Soil Behavior

The structure of the CASH program is designed to allow for flexibility in treat-
ment of all the above mentioned aspects of soil behavior including (1) shear-
volume change, (2) nonlinear hysteretic response and (3) shear failure behavior
of soil. Some of the features for flexibility include the following:

(1) An iterative approach is used to adjust for the proper representation
of soil behavior. At every element, and at every time step, the strain
increment from successive trial solutions are compared and tested for
convergence (to some specified level of tolerance). If convergence is
not achieved, the last trial increment of strain is then used to
obtain revised soil stiffness representation for the next trial solu-
tion. The iterative process continues until convergence is achieved.

'(2) The numerical scheme in CASH allows for a very flexible treatment of
soil stiffnesses. It permits the use of any combination of (a) tangent
modulus concepts and (b) load adjustment concepts to represent the
stress—strain behavior of soil in the overall single slice solution.

(3) The constitutive subroutines are arranged in modular form such that
any soil model can be assigned to any element. Besides the soil model
described above, the CASH program currently has two other simpler soil
models: (a) a linear elasticity model, and (b) an elasto-perfectly
plastic soil model (Ref 15).

Due to the above treatments, the basic calculation module can be made to follow

any desired soil model or constitutive relation. In effect, any postulate on

soil behavior can be easily implemented in the CASH analyses.

To accommodate the large displacement effects, the configuration of the single
slice of soil mass is continually updated in time by updating the coordinates
of each nodal point. The governing equations (described in Section 2.4) are

reformulated with respect to the updated geometry at each time step.

In addition to the above, the discrete element model does not assume any form of
smooth displacement functions across the boundary between two elements. The
only continuity assumption across the boundary of two elements arises from the
need to satisfy equilibrium and the continuity of the flow of pore fluidkat the

nodal points between adjacent elements.
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To avoid unnecessary complexity in the mathematical treatments, incremental
deformations of an element (strain) are related to displacements at the nodal
points by an infinitesimal strain assumption and higher order terms are
neglected. However, the coordinate of every node is updated and the governing
equations are reformulated in accordance to the new configuration to account for

large displacement effects.

2.10 Comparison of the CASH Analysis with Past Researches

Several researchers have attempted to solve for the state of stress and skin
friction capacity of piles by cavity expansion solutions (Refs 5, 10, 11, 13,
15-18) . The most well-known approach is the effort arising from the ESACC
(Effective Stress Axial Pile Capacity Cooperative) ﬁroject (Réfs 10, 11, 13).
Several methdds for predicfing axi#l pile capacity were developéd from the
results of that project. All of them incorporate implementations of cavity
expansion solutions to various degrees to account for the variation of soil
properties and pile installation effects. The cavity expansion solutions from
the above mentioned researchers arbitrarily separate pile driving, consolidation
and axial shear loading into distinctly different processes. Separate analyses,
each employing incompatible assumptions (e.g., soil model and drainage con-
ditions) were coﬁducted to account for éile installation effects. Pile
installation is simulated by a radial cavity expansion solution. The stress
state and the pore pressure at the end of expansion are then input to a separate
program for consolidation analysis. The state of effective stress at the end of

consolidation is then used to predict the frictional capacity.

The major improvement that the CASH program has over past solutions lies in its
flexibility and coherence in accounting for the pile driving, consolidation and

axial shear loading effects. The improvements on the two-phase concept
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gﬁ
L= (pore-fluid and soil-skeleton) as well as the addition of the degree of freedom
oy
B for axial soil displacement has enabled CASH to mingle the cavity expansion,
e

consolidation and axial shear in any manner. Arbitrary assumptions in various
I
;; processes, drainage conditions, and other incompatibilities (e.g., in the soil

model at various stages) are avoided. 1In addition, CASH also allows for a more

g

g
-

flexible treatment in modelling soil behavior. Various restrictions imposed by

most conventional generalized models are avoided by the use of a contrived soil

model which at the present development is not general enough to be applied to

boundary value problems beyond the one dimensional axi-symmetric pile solu-

tions. However, the contrived soil model provides for flexibility in simulating
b2 any physically based stress—strain behavior (e.g., remolding and shear-volume
‘@7 change effects). More specific comments to compare the CASH approach to the

previous cavity expansion approach (the above cited references) are given

~”
vgﬁ below:
.‘Jﬁ
- (1) Previous methods account for the pile driving effect by performing
cavity expansion solutions using a single-phase soil model. An
gﬂ undrained assumption is used in conjunction with a nonlinear soil
I model to assess the state of stress and pore pressure caused by pile

installation. The two-phase soil model in CASH eliminates the need of
the undrained assumption. Dissipation (or redistribution) of pore
pressure is accounted for at all times. In addition, axial displace-
ment can be prescribed on the cavity wall simultaneously with the
radial expansion to assess the effects of axial shear associated with
= pile driving (Ref. 15).

(2) In the earlier approach, the state of stress and the pore pressure
distribution at the end of the cavity expansion is input to an alter-
nate program to perform the consolidation analysis. 1In the course of
the earlier research efforts, several consolidation solutions were
developed, with progressive improvements on the two-phase concept and

ﬁz the constitutive model. The final version is fairly compatible with

L the one used by CASH in terms of the two phase concept. Dissipation
of pore pressure is handled approxi-mately the same by the two

”~

approaches. The change of effective stresses during consolidation
depends to a large extent on the adopted soil model. The modified Cam
Clay model, although more mathematically elegant, is not as flexible
as the one in CASH which can accommodate any postulate of soil beha-
vior.
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(3) 1In the earlier approach, the state of effective stress at the end of
consolidation is used directly with the effective stress soil model
parameters to predict the skin friction capacity. Instead of
rigorously simulating the axial shear versus the axial displacement
characteristics (t-z curves), as in CASH, the earlier approach postu-
lated various approximate equations to solve for the skin friction
capacity which is appropriate only for the specific assumed conditions
(e.g., drainage condition and distribution of stresses). Various
forms of equations have been postulated making use of the radial
effective stress, or the mean normal effective stress, as the stress
parameter in the prediction. 1In addition to the state of stress,
various forms of shear strength equations have been postulated. In
contrast, the introduction of the degree of freedom for axial displa-
cement in CASH enables us to actually solve for the complete t-z cur-—
ves (including monotonic or cyclic loading conditions) at any stage of
cavity expansion or consolidation.

The above has provided a contrast of the CASH approach versus the approach by
previous researchers. Actual solutions from CASH will be presented in later
sections. Further comments on the similarities and differences between the CASH

solutions and the solutions obtained by previous researchers will be given.

Three series of CASH analyses have been conducted for the Conoco project. The
first series of analyses were conducted around December 1983 to backfit the
3-inch pile segment tests. Only a very limited number of analyses were con-
ducted in that series but they provided qualitative explanations to some
interesting observations. This series of analyses are summarized in Section 3.
The second and the third series of analyses were conducted in March and April

of 1985 after the large-scale 30-inch pile test which had undergone 111 days of
consolidation. In the second series, some parametric analyses were conducted to
evaluate the sensitivity of a few factors. This series of analyses is presented
in Section 4. The third series of analyses was conducted to compare against a
wider collection of'field data (including the 3-inch pile segment tool, X—Probe
and 30-inch pile data at both stratum II and stratum III). This series of ana-

lyses is presented in Section 5.
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3. PRELIMINARY BACKFITTING OF SMALL SCALE SEGMENT TESTS (FIRST SERIES)

3.1 General
The first éeries of CASH analyses was conducted in December 1983 to backfit the

initial series of 3-inch pile segment tests (Ref 9). Emphasis was placed on

™

%j providing qualitative explanations to observed measurements to improve our

gﬁ knowledge of factors and mechanisms governing side friction behavior of piles.
VE} The backfitting analyses reported below are the first sét of trial solutions.
‘?? Further analyses have been performed to provide better matching of experimental
£

:j data. Furthermore, analyses were performed for only one series of load tests.
éé The following discussion pertains to only the series of tests conducted at

r hole 1 at a depth of 63.4 m (208 feet). The test data has been fully documented
j@g in the Volume III report (Ref 9).

Fa

lﬁj 3.2 1In Situ Measurements

,gﬁ A detailed report on the field measurements has been presented in the "Final

Report on Small Diameter Pile Segment Tests” (Ref 9). Some of the observations

that are relevant to the subsequent CASH simulations are briefly summarized below.

L
&

Installation and Consolidation Effects. Plate 3.1 summarizes the timekhistories

from
L

of pore pressure, total normal stress and effective normal stress measured on

the pile wall during consolidation. The estimated initial ambient levels prior

£
3

to pile driving are also identified in the plate. Pile driving caused an

il
% la.

increase in both the total normal streéé and pore pressure. However, the effec~
g?- tive normal stress decreased during pile driving. During consolidation, both
o the total stress and the excess pore pressure decreased with time. The effec-
;j tive normal stress, however, increased during consolidation and ultimately rose
B above the initial ambient level.
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Axial Shear Load Tests. Two series of axial pile segment load tests were con-

ducted in Hole 1 at 63.4 m (208 feet) depth: (1) an immediate test shortly
after driving, and (2) a series of cyclic two-way tests at the end of approxi-
mately 72 hours of consolidation (long terﬁ test). The two series of axial load
tests caused some change in the pore pressure and the normal stresses (total and
effective). However, the permanent change induced by shear loading was relati-

vely small as compared to the general trend of consolidation (see Plate 3.1).

Measured t—-z Curves. The measured shear transfer versus pile displacement curves

for the two series of axial pile load tests (immediate and long term tests)
are presented in Plates 3.2 and 3.3, respectively. For both series of tests,
the t-z curves exhibit only very minor strain softening tendencies during
initial loading. The cycliéytest shown in Plate 3.3 reveals some amount of
cyclic degradation effects at the first few cycles of loading. However, the

cyclic degradation of shear strength was not very severe.

Stress-Paths. The shear transfer versus effective normal stress for the two

series of tests (immediate and long term) are summarized in Plate 3.4. As
discussed in the "Repdrt on Small Diameter Pile Segment Tests” (Ref 9), there
was a distinct radial effective stress drop associated with the degradation of
friction from the first to the second cycle. Subsequent cycling results in a
reduction in measured friction with no associated reduction in radial effective
pressure. In fact, with continued slippage, there is an increase in radial
effective stress concurrent with a slight drop in measured friction. The com-
posite plot of stress paths for the immediate and the long term tests showed

that some failure envelopes can be constructed. However, the experimental data



-

Moo e

3

Tl

ry
S e B

£y

&

|

&

i

T
®

i

e |

A

g

=y

PR

22

does not support the existence of a unique failure envelope (a unique set of
cohesion intercept, ¢ and friction angle, ¢). Further discussions on this

aspect will be given in the following section on CASH simulatioms.

Pressure Response During Cyclic Shearing. The total radial stress, pore

pressure and radial effective stress measured during the immediate tést are
cross-plotted against the corresponding axial displacement and are shown in
Plate 3.2. The corresponding plots for the long term tests are summarized in
Plate 3.3. The variations in the total normal stress are relatively small.
Larger amplitudes of variations are measured for the pore pressure and the
effective stress. After the second cycle of loading, the pore pressure and the
effective stress are repetitively cyclic in nature. When plotted against
displacement, a’figure-eight configuration is shown fof both the pore pressure
and the effective stress plots. An increase of pore pressure is recorded at the
initial stage of loading for both tension and compression loading. The pore
pressure decreases after plastic slippage occurs. The effective normal stress
responds as a mirror image of the pore pressure. An increase in pore pressure
coincides with a decrease in radial effective stress and vice versa as the pore

pressure decreases.

Soil Cake Around the Pile. Besides the above field measurements, some obser-

vations were made during the field tests that may be of significance to our
understanding of pile behavior. One such observation is that after the pile
segments have been pulled from the soil, one or more thin layers of clay were
found adhered to the pile wall. Similar observations have been reported for
laboratory model tests in élay by Bogard and Matlock (Ref 3). It has been’
postulated that during axial pile loading in marine clays, plastic slippage may

not occur on the pile wall, but at a slight distance away. The plane of
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slippage has been termed the "shear-zone” by Bogard and Matlock (Ref 3). The
physical evidence in the field reinforced the above hypothesis. CASH analyses
were perforﬁed and are summarized in the next section to investigate the mecha-

nisms resulting in the formation of the shear planes.

3.3 CASH Simulations

The above described phenomena observed during pile installation, consolidation
andkcyclic axial shear are simulated by a series of CASH solutions. Emphasis 1is
placed not merely on the conventional aspects of shear transfer behavior (t-z
curves and side-friction capacities), but also on the mechanisms affecting the
side friction behavior of piles. A number of the observations from the field
measurements could potentially be important in leading to an understanding of
pile behavior and attempts are made in the‘CASH simulatiqns to at least provide
qualitative matches of these observations. They have been described in the pre-
vious sectioﬁ and are briefly listed below:

(1) 1In contrast to most cavity expansion solutions, effective stresses

on the pile wall actually diminish during pile driving.

(2) The total normal stress does not remain constant, but diminishes
during consclidation.

(3) Layers of clay are found adhering to the pile wall after extraction.
(4) The figure-eight pattern arises when the pore pressure and the
effective stress are plotted against the axial displacement under
large amplitude cyclic loading conditions.
Two series of CASH solutions were made and are presented in the following
section. The first series simulates the pile driving and consolidation
processes. The second series simulates the proceés of cyclic axial pile

loading. The selection of the soil and the pore fluid material parameters are

partially based on the results of the previously conducted laboratory testing
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program (Ref 9). However, it was necessary to adjust some of the parameters in

“the backfitting process to account for remolding due to pile driving and pile

loading effects which were not accounted for in the laboratory program.

Plate 3;5 summarizes the input to the first series of CASH solutions to simulate
the pile driving and consolidation effects. Radial displacement is prescribed
on the cavity wall between O and 10 seconds to simulate the effects of lateral
soil displacement caused by driving the tip of the pile past the depth con-
sidered. The magnitude of the prescribed radial displacement was chosen such
that the increase in total stress matches the field measurement prior to con-
solidation. Shear vdlume compaction is expected for the under-consolidated
clay. Thus, some amount of shear volume compaction has been prescribed to the
soil model during the cavity expansion process. The amount of compaction can be
prescribed to match the solution of the other soil models (e.g., the Modified
Cam Clay Model). Shear dilation can also be easily prescribed in CASH to simu-
late other soil conditions (say over consolidated clay). The Cam—-Clay Model
used by many other researchers may not be appropriate for heavily over con-

solidated clay conditions.

The computed radial distributions of pore pressure and radial effective stress
at the end of the cavity expansion (time = 10 sec) are plotted in Plates 3.6 and
3.7 respectively. The resultant solution from the curve at time of 10 sec does
not agree with the field observation at the pile wall. The computed effective
stress is higher than the initial ambient level while the field measurement
indicates a reduction in effective stress. It can be postulated that a simple
cavity expansion may not fully account for the pile driving process. 1In
reality, the soil will experience very large cyclic shearing during pile dtiving

which can remold the soil close to the pile wall.
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To provide a better simulation of the axial shearing during pile driving, axial
displacement is imposed on the cavity wall between 10 and 30 seconds in the CASH
sélution as shown in Plate 3.5. To simulate the remolding effects, additional
shear volume compaction is prescribed on the soil during the axial shearing pro-
cess. The analysis performed was not intended to duplicate the actual driving
in all details, but to merely provide a means to initiate some remolding
effects. The magnitude of axial displacement at the pile wall was varied until
the computed effective stress and the pore pressure approximated the field
measurement at the beginning of the consolidation process. The radial distribu-
tion of pore pressure and effective stress at the end of the pile driving simu-
lation (time = 30 sec) are plotted as the solid lines in Plates 3.6 and 3.7,

respectively.

Consolidation Simulation. After the end of the pile driving simulation, the

CASH solution was continued up to a time of 72 hours (see Plate 3.5) to allow
the pore pressure (which was built up during pile driving) to dissipate. As the
pofe pressure dissipates back to the ambient level, the soil consolidates,
resulting in an increase in shear strength. The CASH solution of pore pressure,
effective radial stress and total normal pressure versus the time of con-
solidation is summarized in Pléte 3.8. The radial distributions of pore
pressure and radial effective stress at various times of consolidation are pre-

sented in Plates 3.9 and 3.10.

Axial Shear Simulation. After consolidation, CASH solutions were continued to

provide simulations of the axial pile loading process. Emphasis is placed on
providing explanations of the formation of slip planes (shear zone) close to the
pile wall and on the response of the pore pressure and effective stresskduring

cyclic loading.
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The formation of slip planes away from the pile can be explained by the
.gﬁ remolding characteristics of the soft marine clay. The soft clay found at the
G . .

test site tends to reduce in volume during remolding. During undrained loading

(approximating the pile driving condition), the shear induced volume compaction

- caused an increase in pore pressure and a corresponding decrease in effective
QEJ stress. During consolidation, the pore pressure dissipates, and the socil skele-
E? , ton consolidates along some remolded compressibility line (e-p curve) as the
’ effective stress increases. The above process is schematically depicted in
gg' Plate 3.11 and has been implemented in the previously discussed pile driving
- and consolidation simulations. The magnitude of volume reduction differs for
ij each soil element and was assumed to be dependent on the shear strain amplitude.
§ Each soil element consolidates along a different remolded compressibility curve.
A In addition, the CASH analyses accounted for the difference in the compressibi-
g? ~lity of the soil between the virgin loading path and the unloading-reloading
g &
. - paths. As a result of the remolding effects (especially the axial shear
2; remolding), the void ratio can vary very abruptly over a small radial distance
~ (within half an inch) away from the pile wall at the end of the consolidation
ko

even though the stresses and pore pressure must be fairly uniform due to the

7

need to satisfy equilibrium conditions. The CASH solution for the radial change
of volumetric strain (compression is positive) and radial effective stress at

the end of consolidation is shown in Plate 3.12. The above described remolding

&
s

phenomenon has a profound implication on the shear transfer mechanism around the

pile as described below.

L Shear strength characteristics of soils have conveniently been expressed through
?? the effective stress concepts in terms of the ¢ and ¢ parameters. There has

- been much speculation by the effective stress theory, that the cohesion (c)

"

srrm

e

indicates the magnitude of the true bonding between particles and ¢ is a true

; R
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measure of the frictional components of shear resistance. For the very plastic
marine clay, it seems unlikely that the situation is so simple. The increase in
shear resistance for an increase in effective stress may very well be due to the
corresponding decrease in void ratio, thus increasing the amount of interlocking
and bonding between clay platelets. Thus, the parameter ¢ may only be a con-
venient (but indirect) expression of the shear strength of soil, and the clay
may not exhibit true frictional behavior. As a result, the ¢ and ¢ parameters
may not be unique for a given soil. The shear resistance offered by bonding
between clay platelets may dépend on other factors (besides effective stress)
such as time and the structure of the clay platelets. The change of void ratio
(see Plate 3.12) is an important measure of the étructural characteristics of
the soil very close to the pile wall. The change in the structure of clay
(related to the void ratio change) can be very dramatic very close td the’pile
wall due to the above discussed remolding effects. Thus, it may be important to
reexamine the conventional effective stress concept to accommodate the large
remolding effects caused by pile installation. Hvorslev (Ref 12) has found from
testing of clay remolded to different water contents (void ratios) that the ¢
and ¢ parameters are indeed not unique for clay, but depend also on the water
contents. He proposed that there are different sets ;f ¢ and ¢ for different
water contents. The above idea was implemented into the CASH program and was
found to provide a reasonable éxplanation of the observed formation of the shear
zone. In the CASH analyses for cyclic axial shear loading, the following

failure criterion is used.

Axial Shear Strength = cj + ¢co 9 + c3& (16)

where

¢1, ¢2 and cg3 are material parameters, O; is the mean normal
effective stress and & is the volumetric strain (related to the
change of void ratio).
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Bésides the shear strength and shear stiffness characteristics discussed above,
the shear-volume change behavior needs to be prescribed for the cyclic axial
shear analysis. Understanding of the shear-volume change of the soil under
cyclic loading was found to be important in explaining the figure-eight behavior
of the measured pore pressure and effective stress during cyclic loading (see
Plate 3.3). An algorithm for cyclic shear-volume change was implemented’in CASH
and is shown schematically in Plate 3.13. The shear straining of the soil ini-—
tially causes a reduction in the volume of the soil skeleton. As the Shear
strain approaches the plastic slippage, the soil skeleton dilates up to a cer-
tain value. No further volume change occurs as shear straiﬁ continues to

increase far beyond plastic slippage. Upon reverse loading, the above shear

“volume change characteristic simply repeats itself by initially compacting in

volume, then followed by some dilation behavior. The above is consistent with
the concept that soil behavior should show no preference to the direction of

shear. The shear-volume change during positive shear should be the same as that

‘during negative shear.

The above described soil beﬁavior, that is, (1) remolding effects on shear
strength and (2) cyclic shear-volume change, were implemented in a series of
CASH siﬁulations of cyclic axial shear loading. The problem is described in
Plate 3.14. At the end of the consolidation (after 72 hours), cyclic axial
displacement is prescribed on the cavity wall. This series of solutions is
sequential to the previously described pile driving and consolidation solutions.
The radial geometry, the three components of normal stresses and the pore
pressure at the end of the consolidation were retained for each element.
However, the axial displacement and the axial shear stress were reinitialized
to zero. This reinitialization merely reflects a datum shift and does not

represent actual soil movements.
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The resultant t—z curve from the CASH solution is presented in Plate 3.15.
r%% The radial distribution of the axial displacement at the time instant A is

presented in Plate 3.16. Plastic slippage was found to occur at about 0.1 inch

away from the wall of the 3-inch diameter pile. The soil elements immediately

r~ adjacent to the pile wall in effect have a higher shear strength due to

‘E; remolding and consolidation, thus causing slippage to occur some distance away
gﬁ from the pile.

ted

‘gz It can further be postulated that once the slip plane is initiated, the con-
- centration of shear strain on this plane will likely focus contiﬁuing remolding
‘%3 effects to occur on the slip plane under cyclic loading conditions. After one
:: series of load tests, when pore pressure is allowed to dissipate, the remolded
}Ej soil will then consolidate in the immediate vicinity of the slip plane,

™ resulting in additional increase in shear strength. When a subsequent series of
%é pile load tests is conducted, the weak link where slippage initiates will then
~

occur at some small distance away from the previous slip plane. When a number

R

[PErE

of series of tests are conducted with consolidation allowed in between tests, a

"

B e,

few layers of so0il can form around the pile as a result of the successive

¥

remolding and consolidation processes. The above was physically observed from

i |

e

i
Ly

the 3-inch segment tests. The number of soil cake layers correlated well with

g? the number of series of load tests during consolidation. Implementation of
b
Hvorslev's concept of a non—unique failure criterion to account for the
r
E* remolded shear strength was needed to create the slip plane away from the pile
- wall. Otherwise, failure will always occur on the pile wall-soil interface
L& which is the point of maximum shear stress. A unique failure criterion in the
- Cam Clay Model so far has predicted that failure always occurs on the pile-soil
iLd
interface (Ref 17).
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The response of pore pressure, effective stress and total pressure were also
cross-plotted against the axial displacement and presented in Plates 3.17,

3.18 and 3.19, respectively. Through the interpretation of the above CASH

solution, the figure-eight response of pore pressure and effective stress

-~ revealed the following points which may be valuable for understanding of shear
s ‘ ' '
£ transfer behavior of piles.
1§j (1) A large component of the figure—eight phenomenon can be explained
by the shear—volume behavior of soil. Under undrained condition,

i

the shear-volume change tendency of soil will result in an opposite
response between pore pressure and effective stress. If an
increase (decrease) in pore pressure is compensated by a

- corresponding decrease (increase) in effective stress, the total

3

omin
& Ldade,

stress in the element will be unchanged. If the above behavior
occurs on all the elements, the global equilibrium is unaffected
and the total normal stress on the pile wall will remain constant

g@ during cyclic shear loading. However if some of the shear volume
i compaction is mot just merely cyclic but permanent in nature, then
the induced pore pressure will dissipate in time resulting in

in total stress will merely be a function of consolidation time

-~ some reduction in total stress on the pile wall. Such reduction
.
4 and will not depend on the direction of shearing.

& (2) There is a subtle message from the figure-eight phenomenon. The
mirror image response between pore pressure and effective stress
strongly suggests that the figure-eight phenomenon is related to
the shear-volume behavior of soil. Since soil should show no
preference in the direction of loading (positive versus negative
- shear), the t-z characteristics should in turn be similar between
E? compressive and uplift pile loading. However, other factors
e (e.g. pile top or pile tip end effects) may result in differences
between compressive and uplift shear behavior near the boundaries.

f@ Such end effects are expected to be insignificant in the design

s of a long offshore pile. Simulation of the figure-eight phenome-
non requires extension of the soil model to account for shear-

[ o) ; volume change effects for cyclic loading situations. Most current

12 soil models (including the Modified Cam—Clay Model) cannot account

o for such cyclic phenomena. The ability to simulate the figure-
eight behavior illustrates the flexibility of the contrived soil

E? model model to accommodate any desired postulate of soil behavior

o in pile loading analyses.
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4. SENSITIVITY STUDY OF VARIOUS PARAMETERS

4.1 General

The second phasevof backfitting analyses were conducted in March and April 1985.
At that time, thekprocessing of the 30-inch field pile load test data (Ref. 8)
was essentially complete (except the retest). An abundance of data has been
collected for the 3-inch pile segment, the X-Probe and the 30-inch pile.
Emphasis is being placed on providing a reasonable fit to a wide rénge of con-
ditions (different depths and various types of data). The objective of this
phase of analyses is to develop a better basis for design. CAsH analyses were
conducted for two soil strata: (Stratum II at the 45-meter or 148-foot depth
and Stratum III at the 63-meter or 208-foot depth).’ Using one consistent set of
soil parameters, analyses Weré conducted to simulate the 3;inch pile segment,
the X-Probe and the 30-inch pile condition. Prior to the actual backfitting of
the field data, a series of parametric studies was conducted to develop a feel
for the sensitivity of various factors. The sensitivity analyses are summarized

below.

4.2 Problem Description

‘The input parameters for a benchmark case was first established. Then, the

input parameters were varied to evaluate the following factors:

(1) The effects of variouskcavity expanéions
(2) The effects of different shear strength of soil
(3) The effects of different soil stiffness

(4) The effects of pile diameter

Soil Model. The soil model used for the second series (sensitivity) and the
third series (backfitting) analyses is simpler than the one used in the first

series of preliminary backfitting analyses. The parameters in this soil model
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can readily be measured in conventional laboratory test programs. The basic
features of the soil model are schematically presented in Figure 2.5. The volu-
metric behavior is nonlinear and inelastic for the virgin curve. The unloading

and reloading behavior is assumed to be linearly elastic.

In addition to the above, the shear volume change is also considered. The
prescribed shear-volume change behavior is assumed to be dependent only on the

octahedral strain, Y,.r (see Plate 4.1) and thus can account for only monotonic

loading behavior. The shear volume change under cyclic loading (e.g. resulting

in the figure—-eight phenomenon discussed in section 3) is not activated. This
simplification was chosen for a more stable CASH solution. The observed figure-
eight behavior although very definite (it can be seen in numerous sets of data),
is ﬁot very pronounéed in magnitude (the cyclic component of pore pressure is
small as compared to the static component). Therefore, the above simplification
should not result in unacceptable error for the current soil condition. The
magnitude of shear volume change is obtained by backfitting analyses such that
the pore pressure generated after cavity expansion approximates the pore
pressure measured by the 3-inch pile segment after installation. The deviatoric
model is schematically shown in Plate 4.2. The shear behavior is nonlinear and
hysteretic. The undrained shear strength ( Tpax) and the small strain modulus
(Gpax) are both assumed to be linearly proportional to the mean confining

stress. The benchmark input parameters for the deviatoric model is summarized

below:
Stratum I Stratum II
(80 ft - 160 fr) (160 ft - 240 fr)
Shear strength parameter, Co in Eq. 16 0.38 0.38
Shear stiffneés parameter, Gj, where 60 600
Gpax = 61 :%
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The above shear strength parameter is based directly on the direct simple shear
test results (Ref. 6). The small strain shear modulus parameter (Gj) is based
on backfitting the 3-inch pile data. The resultant values of Cy and G} are con-
sistent with what is commonly assumed in conventional practice. Other relevant
input parameters and the problem description in the sensitivity study is sum-
marized in Plate 4.3. 1In the sénsitivity study, thé pile driving effect ié
simulated by a simple cavity expansion. The initial radius of the cavity in

the CASH model and’the amount of expansion is varied in different analyses such
that the final interior cavity radius (after expansion) is equal to the pile
radius. After the cavity expansion, radial consolidation continues to 2800
hours. The consolidation time of 2800 hours is long enough to approximate the
ultimate consolidated condition. Then axial shear displacement is prescribed at

the pile wall to solve for the t-z backbone curve.

4.3 Discussion of CASH Solution

A total of 6 cases were considered in the sensitivity study. The solutions are
summarized in Table 4.l. The benchmark case correspond to the soil condition at
the 45 m (148 ft) depth (Stratum ITI). The CASH solution for the state of stress
at the end of cavity expansion and at the end of consolidaton is presented. The
ultimate skin friction f during axial shear and the ratio B of skin friction
to the radial effective stress at the beginning of axial shear is also tabu-

lated. Some of the important findings are summarized below.

Consolidation Time. Curves are presented in Plate 4.4 for the normalized pore

pressure at the pile wall (normalized with respect to the maximum value imme-
diately after expansion) versus normalized consolidation time (time divided by
the square of the pile radius). It can be seen that the consolidation time does

not merely depend on the pile diameter.
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A comparison among Runs 1, 2 and 3 reveals that the comsolidation curve also
depends on the amount of expansion which is probably related to the pile wall
thickness. The amount of 3.2 cm (1.25 inch) cavity expansion in Run 2 repre-
sents essentially a closed-end pile situation. The pore pressure for a bigger
cavity expansion extends to a larger radial distance. Therefore a longer con-
solidation time is needed to reach a certain degree of consolidation. The above
phenomenon i1s supported by a comparison between the 3-inch and the 30-inch pile
data and is also in general agreement with some of our other test data (Ref 7).
Other factors such as shear strength and stiffness may affect the magnitude of
pore pressure on the pile wall, but showed minor effects in consolidation time.
The dependence of consolidation time on wall thickness was not observed by past

researchers.

Amount of Cavity Expansion. The solution of the incremental (change over the

in situ condition) total and radial effective stress at the end of cavity
expansion and after consolidatien is presented in Plate 4.5. It may be seen
that the radial effective stress changes abruptly at a small amount of cavity
expansion. After some amount of cavity expansion, a further increment of cavity
expansion induces only small changes in the radial effective stress. This phe—
nomenon suggests that the radial effective stress can be significantly different
for small variation of wall thicknesses for a thin-wall open—ended pile. In

addition to the above observation in the magnitude of radial effective stress,

it may‘be seen (Table 4.1)‘that the ultimate unit skin friction (f) does not

vary significantly even though the radial effective stress after consolidation

is significantly higher for Run 3 (3.2 cm or 1.25 inch expansion). The 8

' coefficient appears to decrease for a bigger cavity expansion. The above is

supported by a comparison between the X-Probe data and the open-ended pile data
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(for both the 3-inch Probe and the 30-inch pile) . These CASH analyses assumed

that the undrained shear strength depends on the mean effective stress rather
than on the radial effective stress. In the vicinity of the pile wall, both the
mean effective stress and the induced shear stress tend to increase (for a
bigger cavity expansion) Quring consolidation. Prqper consideration of axial
shear resistance aﬁ the end of consolidation requires accounting for the
increase in shear strength due to the increase of confinement as well as the
increase in shear stress in the soil. The earlier cavity expansion approaches
consider only the variation of the radial or the mean effective stress and are
not expected to be adequate. Furthermore, such solutions assume that the amount
of cavity exﬁansion is large enough to achieve the ultimate plastic condition.
Therefore the state of stress at the end of consolidation becomes totally depen-

dent on the shear strength and will be unique for a given soil. The ultimate

"radial effective stress measured by the open—ended pile (3-inch segment and the

large scale pile) was found to be very different from that measured by the

X-Probe (see Table 5.1 and discussed further). This suggests that the

~appropriate amount of expansion for an open—ended offshore pile is insufficient

to achieve the ultimate effective stress level. For most open—ended offshore
piles, the effective stress level will be very sensitive to the amount of expan-

sion which depends on the flow pattern of soil at the pile tip.

Soil Shear Strength. The solution from Runs 1 and 4 can be compared to

evaluate the sensitivity of the shear strength characteristics of soil. The
shear strength parameter (C; of 0.38 was based on a friction angle of 21 degrees
from direct simple shear tests (see Ref 6). A C; of 0.64 (used in Run 4) was
based on a friction angle of 25 degrees from triaxial tests (see Ref 6). kThe

ratio of the ultimate unit skin friction between Run 1 and Run 4 was found to
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be roughly proportional to the shear strength pérameter Cy which is a direct
measure of the undrained shear strength of the soil. The pore pressure
’generated during cavity expansion and the effective stress at the end of
consolidation were found to be dependent on the shear strengthiof the scoil.

This is consistent with the findings by other researchers.:

Soil Modulus. The solution from Runs 1 and 5 can be compared to evaluate the

implication of the modulus characteristics of soil. 1In general, a higher value
in the radial effective stress results from a stiffer shear modulus. 1In
addition to the above, the incremental total stress appears to remain at

an approximately constant level during consolidation for most of the runs
except for Run 5 which has a significantly higher shear modulus. The
incremental total radial‘stress decreases from 0.7 MPa to 0.37 MPa (14.8 ksf to
7.8 ksf) during consolidation. A significant decrease in the total radial
stress during consolidation was obéerved in the X—Probé tests at all depths and
in the open-ended pile tests at stratum III, supporting the fact that the total
radial stress can vary during consolidation of soil around a pile. A stiffer
shear modulus appears to cause a bigger reduction in total radial stress during
consolidation. Such a phenomenon is very different from conventional con-

solidation of soil under a footing where the static loading does not change.

Diameter Effects. A comparison between Run 1 and 6 indicates that so long as

all the dimensions (e.g. wall thickness) are strictly directly proportional to
pile diameter, the CASH solution in all aspects (pore pressure, effective
stresses, and t-z curves normalized by diameter) would be strictly identical at
any stage of consolidation. The consolidation time would be strictly propor-

tional to the inverse of the square of the pile diameter.
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When the above sensitivity study is tested against the field data, the CASH
solutions were found to provide for a reasonable match to the field data

qualitatively in two aspects: (1) dependence of consolidation on wall thickness

‘and (2) a lower B coefficient for the X-Probe. The biggest uncertainty ari-

ses from the complexity introduced during pile driving and the uncertainty on
the effective émount’of eXpansibn which in turn must be related to the flow pat-
tern at the pile tip. Another key observation can be made from the above sen-
sitivity study. The long term skin friction capacity for static loading has
been the most important parameter in the design of a long offshore pile. The
variation of the long term skin friction capacity is surprisingly small except
in Run 4 which has a significantly higher shear strength value. Even though
there is a wide scatter in the solution of pore pressure and effective stresses
caused by the cavity expansion effect, the frictiénal capacity for static
loading tends to converge to some stable value for a given set of shear strength
parameters. The above observation supports the conventional belief that
rational design of an offshore pile could be independent of the choice of the
procedure (total stress or effective stres approach) so long as the “proper

shear strength” has been used.
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5. BACKFITTING SMALL AND LARGE SCALE TESTS

5.1 General

A third series of CASH analyses were conducted to backfit a wider collection of
field tests iﬁcluding (a) solutions for the 3-inch pile segment, the X-Probe énd
the 30-inch pile tests at the 148 feet depth (Stratum II soil) and (b) solutions
for the 3-inch pile segment and the 30-inch pile tests at the 63.4 m (208 feet)

depth (Stratum III soil).

The CONOCO project yielded an abundance of data from the 3-inch segment tool,
the x~probe, and the 30-inch large scale pile. It is of interest to compare the
CASH solution to all the above data to evaluate the validity of the analytical
procedure. However, numerous CASH solutions are required to provide direct com-
parison with all the test data to match the proper depth, consolidation time,
and loading sequences. Therefore, selected sets of field data were used to
provide direct comparison with the CASH solution at different consolidation
times. The following sets of data were thought to be representative of the
appropriate design condition and are compared to the CASH solutions.

(1) The probe 4 test data collected during the test series conducted
during December 1982 was used to compare against the 3-inch pile
simulation at both the 45 m (148 feet) and the 63.4 m (208 feet)
depth.

(2) The X-Probe test data collected during the test series conducted
during December 1983 was used to compare against the X-Probe pile
simulation at 45 m (148 feet) depth.

(3) The 30-inch large scale pile test data collected during December

1983 was used. Interpolation between the measured data points
was made to obtain the comparison against the CASH solutions.

5.2 Problem Description

Amount of Expansion. The fdilowing table summarizes the dimensions (diametef

and wall thicknesses) for the 3-inch segment, the X-Probe and the 30-inch pile.
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Type Radius Wall Thickness w.t./Radius
30-inch pile 15 in (38 cm) 0.75 in (1.9 cm) 0.05
3—-inch segment 1.5 in (3.8 cm) 0.125 in (0.32 cm) 0.083
X~-Probe 0.86 in (2.2 cm) Fully Plugged 1.0

In the absence of a more definitive study the amount of expansion for the
30-inch pile, the 3-inch segment and the X-Probe was assumed to be 0.375, 0.0625
and 0.7 inches respectively at both 148 feet and 208 feet depth. The amount’of
expansion is half of the wall thickness for the 3-inch segment and the 30-inch
pile(both open-ended). A fully plugged condition cannot be analyzed because the
zero initial radius would cause numerical difficulties. The amount of expansion

assumed for the X-probe was thought to be sufficiently large.

The sensitivity study in Segtion 4 indicates that the increase in total stress
from expansion of half of the wall thickness épproximately matches the 3-inch
segment data. The above rule of thumb could not account for some of the details
(e.g. the configuration of the cutting shoe). The half wall thickness was
adopted here for simplicity although a case~by-case fitting analysis would lead

to a better match of the CASH solution to the field data.

In all the analyses, the cavity expansion occurs between 0 to 10 seconds. The

condition is essentially undrained during cavity expansion.

Axial Shear and Consoiidation._ Following the cavity expansion, consolidation

and axial shear were solved by CASH. Only a quarter cycle of axial shear to full
plastic slippage was prescribed at each sequence of axial shearing. The
resultant t-z curve represents the initial loading path. Cyclic loading was not

attempted.

The extent of cyclic degradation was not very severe for the soil condition

encountered in this project except at greater depth (the Stratum III soil).
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It would be more fruitful to account for cyclic degradation by the discrete sub-
element model in the DRIVE program. Further development in constitutive

modeling is needed to reliably account for cyclic degradation effect in the CASH

type of approach. The physical evidence in the field strongly supports the pre-

sence of a slip plane. Under cyclic loading conditions, concentration of shear
strain will likely fbcﬁs continuing degradation on the élip plane. Therefore
understanding the slip plane phenomenon will be essential to expand current ana-
lytical efforts to cyclic loading situations. The present concepts of constitu-
tive models rely heévily on concepts of continuous solids. If the appropriate
developments were made to accommodate the remolding concept, continuum solu-
tions can solve for the position and how the slip plane is initiated. However,
the continuum concept may be too restrictive to track the discontinuous slippage
on the shear plane under cyclic loading conditions. Incorporation of some
discontinuous element may be needed to fully account for the cyclic degradation
plenomenon. Present understanding of clay structure probably would support only

an empirical description of the cyclic degradation behavior.

The sequence of consolidation and axial shear analyzed by CASH in the back-

fitting analysis is summarized below.

30-inch Pile at Both Depths

(1) Immediate test after cavity expansion (pile dfiving).

(2) Long term test after 2700 hours consolidation which is very close
to the actual consolidation time in the field.

3-inch Segment at 148 ft.
(1) First stage test after 8-hour consolidation.
(2) Second stage test after 20-hour consolidation.

(3) Third stage test after 44-hour consolidation.
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3-inch Segment at 208 ft.

(1) First stage test after 8-hour consolidation.

(2) Second stage test after 16 hour consolidation.

X-Probe at 148 ft.

(1) First stage test after l-hour consolidation.

(2) Second stage test after 25-hour consolidation.

5.3 Discussion of CASH Solutions

A total of five CASH analyses were conducted consisting of four solutiomns for
the 30-inch pile and the 3-inch segment at both depths of 45 m (148 ft) and
63.4m (208 ft). An additional analysis was conducted for the X-Probe‘at the

45 m (148 feet) depth. Plates 5.1 through 5.5 summarize the histories of total
radial stress, pore fluid pressure, and effect radial stress on the pile wall
for the five CASH analyses. The shear transfer versus axial displacement curves

at various stages of axial loading is presented in Plates 5.6 through 5.10.

A comparison between the CASH solutions and the field data are also presented in
Table 5.1 and Table 5.2, respectively. The following general comments can be

made regarding the comparison.

(1) Although the CASH solution accounted for a slight but definite
reduction of the B coefficient (ratio of maximum skin friction
to radial effective stress) for the X-Probe, the solution under-
predicts the normal total and effective stress significantly.
Further development of the constitutive model is needed to account
for the major direction change from severe normal loading to
axial shearing. Current knowledge on the effect of change in
direction of loading on soil behavior is very limited.

(2) The solution of time histories of total stress, pore fluid,
pressure and effective stress reasonably accounted for the
field measurements in many aspects including (1) the dependence
of consolidation on both pile radius and wall thickness;

(2) the CASH solution accounting for the change in both total
and effective radial stress.
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6. FURTHER EVALUATION OF CASH AND OTHER DESIGN PROCEDURES

6.1 General

In the previous sections (Section 3 and 5), detailed CASH solutions of pore
pressure, radial effective stress as well as initial t-z curves at various
stages of consolidation have been compared to specific sets of field data.
The Conoco project has yielded an abundance of high quality test data
especially for the 3-inch pile segment tests. This section summarizes the
most important measurements (the long term radial effective stress and maximum
skin friction at the initial cycle of loading) from all the tests. Then, the
CASH solutions are compared to all of the relevant test data. In addition to
the above, solutions were obtained from other design procedures (e.g., the
A.P.I. recommendation (Ref.l) and the effectiye stress method (Refs. 4, 5, 17
and 19). Their predictions, along with our-CASH solﬁtions, are compared to

the Conoco test data.

6.2 Three-Inch Segment Test Data

All the’avaiiable 3—inch segment tesfs at 45 m (148 feet) and 63.4 m (208
feet) depth are listed in Table 6.1 and Table 6.2, respectively. The key
information from each test has been summarized in the table. The peak skin
friction values measured during the initial cycle of loading are plotted and
compared to the CASH solution in Plate 6.1. The data point from Test No. 6
was not plotted because the consolidation time is too short to approximate the
ultimate long term condition. The CASH solution of the maximum skin friction
value is also indicated in the plate. It could be noted that the CASH solu-

tion falls within the range of scatter of the field data at both depths.
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a8 6.3 30-Inch Large Scale Test Data
?? This section provides further comparison of the CASH solutions to the 30-inch
:‘ large scale pile data. Furthermore, the long-term skin friction capacity is

K computed using the effective stress procedure (Ref 17) and the A.P.I. recom-

mendation (Ref 1) at 45 m (148 feet) and 63.4 (208 feet) depth. They are also

compared to the large scale pile data along with the CASH solution.

o

‘%é The measured pore water pfessures and total radial pressures immediate

r after pile driving are presented in Plate 6.2. ThekCASH solutions (same

& solutions as thosé in Section 5) of the pore pressure and total radial

‘;? pressure at the 45 and 63.4 m (148 and 208—fopt) depths are shown in the plate.
) The CASH solution under-predicts the pore pressure and the total radial

Y

pressure at the 45 m (148 feet) depth. The prediction is quite good at 63.4 m

(208 feet) depth.

The profiles of pore pressure, total radial stress, and radial effective

P

peoed - :

;; stress measured after 111 days of consolidation are presented in Plate 6.3.

‘E} The CASH solutions (same solutions as those in Section 5) are also presented
il in the figure. The CASH solutions were in general agreement with the field

_]

data.

s 2

The maximum skin friction at the initial cycle of loading obtained from the

A
@

& o I
USSR

field test of the 30-inch pile are presented in Plate 6.4. Two curves are

presented: (1) the one obtained immediately after pile driving, and (2) the

one obtained after about 111 days of consolidation. The measured maximum skin

S

ey

friction profile is plotted as step functions with respect to depth since the

%1 field data provided information on only the average shear transfer value in
- between two strain modules. In reality the shear transfer versus depth would
=
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be a continuous curve instead of a step function. The interpreted shear

strength profile (Ref 6) is also plotted on the figure for cross reference.

The CASH solutions of the peak skin friction capacities at 148 feet and 208
feet depth (presented in Section 5) are further summarized in the figure. 1In
addition to the CASH solutions, skin friction capacities are further computed
using the A.P.I. procedure (Ref 1) and the effective stress method (Ref 17).
In the A.P.I. approach, multiplication factors ( @) of 0.09>and 0.61 were
applied on the undrained shear strength of 0.033 and 0.062 MPa (0.7 and 1.29
ksf), at 45 m (148 feet) and 63.4 m (209 feet) depth, respectively. 1In the
effective’stfess method (Ref. 17), Randolph et al., traced through the hisﬁory
of radial effective stress throughout the cavity expansion and consolidation
processes. The state of effective stress at the end of ﬁonsolidation is used
to assess the equivalent undrained shear strength value for pile design. The
value of the ultimate undrained shear strength for a normally consolidated
clay was fbund to be about 1.51 timeé the initiél undrained shear strength
before pile driving. The shear transfer calculated by this method are 0.051
‘and 0.093 MPa (1.06 and 1.95 ksf) at 45 and 63.4 m (148 and 208-foot) depth,
respectively. Later researchers of the effective stress method lowered the
skin friction prediction by a factor of about 0.23 by various arguments

(Ref 13). The skin friction capacity predicted by the effective stress method
after the above adjustments are 0.039 and 0.072 MPa (0.82 and 1.5 ksf),

respectively.

Plate 6.4 can be examined to evaluate the validity of various approaches.
The effective stress method (Ref 17 and 13) grossly overpredicted the skin
friction capacity of the Conoco pile. The A.P.I. approach yielded‘reasonable

predictions at the shallower depth (e.g. at 45 m or 148 feet), but tends to
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underpredict the pile capacity at deeper depth. The CASH solution yielded
reasonable solutions especially at the deeper depth. It also accounted for
the increase in pile capacity versus consolidation time. It is noteworthy to
mention that the interpreted shear sttéﬁgth profile which does not consider

any pile driving (cavity expansion) and consolidation effects approximated the

long term skin friction profile reasonably well. The skin friction capacity

may approach even closer to the undrained shear strength profile for a longer
consolidation time. The above discussion relates to design for static loading

conditions only. The field data indicates that the skin friction capacity

degrades under cyclic loading condition and our design procedure should accom—

b modate this aspect.
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B 7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
- ‘
kit
L 7.1 Summary
'ET A computer program CASH has been utilized to interpret sample results from the
Conoco tests. This program has been designed to provide improved t-z charac-—
b terization (such as side-friction capacity and soil stiffness) as input to an
- overall soil-pile interaction analysis that might be done with the DRIVE
. program (Ref 14). CASH takes the following factors into account in the

)

development of the t-z curves:

e
e

(1) In-situ soil condition.

.

e (2) The effects of pile driving.

sfg (3) The effects of consolidation of soil mass after pile driving.

' (4) The effects of subsequent static and cyclic axial shear loading.
s

- Program CASH models a single horizontal slice of soil layer surrounding an
2

imaginary cylindrical cavity at a specific depth. The effects of displacement

P
L

of soil during pile driving is accounted for by the radial expansion of the

L |

cylindrical cavity. The vertical movement of the surrounding soil during pile

driving can also be simulated by prescribing vertical soil displacement on the

B |

F
B

cavity wall. This feature (vertical soil displacement) can further be used to

9

solve for the t-z characteristics at any stages of consolidation. The major

-

&

features of the progfam CASH are listed below:

(D) A‘general twd—phasé soil model to account for the state of
effective stress and pore water pressure throughout the pile

- driving, consolidation and pile loading processes.

A (2) Large displacement capability.

%; (3) A flexible framework to incorporate any postulate (e.g., nonlinear
failure and shear volume change effects) of stress—strain behavior

] of soil in the assessments of t-z characteristics.
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One major advantage of the CASH program over some 6f’the earlier develbpments
(Refs 4, 5, 10, 11, 13, 16-19) lies in the flexibility of the program in the
treatment of stress—strain behavior of soil. CASH is not restriéted by
current knowledge on constitutive modeling techniques. Any postdlate on the
physical behavior of soil can easily be implemented into the CASH analysis.
Another major advantage in CASH is ité fiexibiiity to CO-minglé any of the
three loading processes: (1) cavity expansion, (2) consolidation, and

(3) axial shear loading. By so doihg, many of the incompatibilities betwéen
stages of solution and the associated arbitrary assumptions that were inherent

in the earlier development efforts have been circumvented.

Description of the theory behind CASH has been given in Section 2 of the
report. Three series of analyses have been conducted in the course of the
Conoco project. The first series of CASH analyses was performed to backfit
only one series of 3-inch pile segment test (Probe 1 test conducted in
December 1982). Emphasis was placed on providing qualitative explanations to
the field observation énd measurements at that time. 1In tﬁis first series of
analysis, CASH has been found tokhave tﬁé potentiaivtd account for‘the‘t—z
behavior and the variation of normal stresses (total and effective) on the
pile wall at various stages (immediately after driving, consolidation and
cyclic pile loading). The CASH solutions have provided interesting explana-
tionskon the formation of slip planés around the pile and the pore pressure
and normal stress responses during cyclic pile loading conditioms. This

series of analysis have been discussed in Section 3.

After the initial confirmation of the CASH approach, a second series of sen-—
sitivity analyses were conducted in March, 1985 to investigate’the effects of

varying various parameters, including the following:
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(1) Amount of cavity expansion.
(2) Shear strength of soil.
(3) Shear stiffness of soil.

" (4) Pile diameter.
This series of parametric studies are documented in Section 4.

A third series of CASH solutions was also performed to compare the CASH solu-
tions to a wider sampling of field tests in Section 5. 1In this series of ana-
lyses, CASH solutions were obtained and compared to the 3-inch segment, the
X~-Probe and the 30-inch large scale pile tests at both 45 and 63.4 m (148 and
208—fo§t) depths. One-to—one comparison at various consolidation times were
attempted for all the above sets of tests. After making the comparisons
further evaluation of the various commonly used skin-friction predicted
methods (the A.P.I. recommendation, the effective stress method (Refs 17, 11)
and the CASH solutions) were made in Section 6. 1In Section 6, the CASﬁ solu-
tions for the most importént design parameter, long-term skin friction capa-

city, were compared to samples of the available Conoco data, along with the

 solutions by the various predictive‘methods; A brief summary, along with

conclusions and recommendations are presented in this section.

7.2 Conclusions

The CASH analyses conducted so far, although can not account for all the field
measurements in all quantitative details, did provide a reasonable explanation
account of many of the phenomena observed in the field. The CASH analyses
have érovided a reasonable approximation for the t-z curves (capacity and

stiffness) as well as the pore water pressure and effective stress responses
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e observed immediately after pile driving comnsolidation and cyclic axial shear
—_—
‘g% loading. On the basis of the CASH solutions, the following interpretation can
b

be made:

(1) The state of effective stress after consolidation is very
: sensitive to the initial amounts of cavity expansion. After
r |
e some threshold, further amounts of expansion will lead to
insignificant changes in the ultimate effective stress. On
the basis of the available Conoco data, the amount of cavity

gﬁ expansion for an open-ended thin wall pile is small in

‘ comparison with this threshold level and is expected to be
related to the wall thickness of the pile. Therefore the

‘gj state of stress will be very sensitive to the wall thickness.

P

- (2) 1In addition to controlling the state of stress, the time of

i consolidation was also found to be dependent on the wall

g thickness, a thicker wall pile could create a larger zone

o of disturbance and thus lead to a longer time of consolidation.

;f? -+ (3) One major conclusion from the parametric study is that the

i skin friction capacity at the end of consclidation depends on

not just one component of stress (such as the radial effective
stress or the mean effective stress) as suggested by previous
researchers (Refs 5, 10, 11, 13, 17 and 19). The long term
skin friction capacity from the cavity expansion method,
depends on the complete state of stress in the soil adjacent
to the pile. Furthermore, even though there is a wide scatter
S in the solution of pore pressure and effective stresses caused
by the cavity expansion effect, the ultimate frictional capa-

m ‘ city tends to converge to some value. The ultimate frictional

‘Qi . capacity depends largely on the shear strength charac-
teristics. This supports the conventional belief that

- rational design of an offshore pile for static loading could

e be independent of the choice of the analytical procedures

e (total or effective stress approach), so long as the "proper

- shear strength” has been incorporated.

‘%? (4) The formation of a slip plane at a small distance away from
the pile wall was supported by the physical evidence in the

o field. This has been related to the remolding characteristics

»?f of soil from the CASH analyses. The implication of the

o existence of the slip plane suggests that further cyclic

= loading will focus further degradation on the slip plane.

%; Therefore, understanding the behavior of the slip plane will

s hold the key to future understanding of cyclic degradation
phenomena.

f 3
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(6)

The response of the normal stresses under cyclic loading
support the fact that the skin friction of a long pile is
independent of the loading direction (tension versus
compression) .

The total radial stress does not remain constant during
consolidation, especially for a stiffer soil.

7.3 Recommendations

The following areas of research are proposed to further advance our

understanding of skin-frction behavior of long offshore piles:

(D

(2)

(3

(4)

(3

Further testing programs and backfitting analyses to
evaluate the flow pattern of soil at the pile tip to
establish the effective amount of the laterally compressed
and sheared zone around the pile.

Basic research on constitutive behavior of soil is needed
to investigate (1) the effects of major change in the
direction of plastic shear on soil, and (2) cyclic
degradation phenomena, especially the aspect related to
discontinuous modeling of the slip plane. Furthermore,
implementation of concepts of remolding, cyclic shear
volume change characteristics are also needed.

The CASH solution has been found to yield reasonable solu-
tions for open—ended piles in soft clay. Further analyses
and testing programs are needed for different conditions
including (a) applications to closed-end piles, and (b)
other soil conditions.

The pile load test data along with the CASH interpretation
confirmed that conventional design practice such as the API
procedure provided good solutions for the static long term
skin friction pile capacity for the highly plastic marine

“soft clay soil condition. However, it 1Is necessary to

properly account for the degradation effects under cyclic
loading conditions. At the present time, it could be more
practical to account for cyclic degradation effects

~empirically using the available test data.

The cavity expansion type analytical approach, when properly
formulated, can provide reasonable solutions of the static
long term skin friction capacity of a pile. However, any
arbitrary assumptions would likely introduce significant
error in the solution. It is necessary to account for the
complete state of stress in the soil element adjacent to

the pile wall to yield reasonable pile solutions.

55
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EVALUATION OF CASH SOLUTION FOR NORMAL STRESSES
AFTER 111 DAYS OF CONSOLIDATION OF THE 30—INCH PILE

PLATE 6.3
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